We used transient biochemical and structural kinetics to elucidate the molecular mechanism of mavacamten, an allosteric cardiac myosin inhibitor and prospective treatment for hypertrophic cardiomyopathy. We find that mavacamten stabilizes an auto-inhibited state of two-headed cardiac myosin, not found in the isolated S1 myosin motor fragment. We determined this by measuring cardiac myosin actin-activated and actin-independent ATPase and single ATP turnover kinetics. A two-headed myosin fragment exhibits distinct auto-inhibited ATP turnover kinetics compared to a single-headed fragment. Mavacamten enhanced this auto-inhibition. It also enhanced auto-inhibition of ADP release. Furthermore, actin changes the structure of the auto-inhibited state by forcing myosin lever-arm rotation. Mavacamten slows this rotation in two-headed myosin but does not prevent it. We conclude that cardiac myosin is regulated in solution by an interaction between its two heads and propose that mavacamten stabilizes this state.
the transient kinetics of single ATP turnover by purified cardiac HMM in the absence of mavacamten and reflects the formation of a stable protein-protein interaction interface, indicated by its stability with increasing temperature and by its disruption with increasing ionic strength. Interestingly, actin binding initiates structural changes involving lever-arm rotation of myosin in the auto-inhibited state and this disrupts auto-inhibition. These changes are followed by the actin-activated release of ATP hydrolysis products. Mavacamten slows but does not prevent actin activation of the auto-inhibited state, indicating that it not only stabilizes the state, but that it also increases the transition state free energy required to disrupt it.
RESULTS
The steady-state, actin-activated ATPase activity is lower for two-headed cardiac HMM than for single-headed myosin. We prepared soluble myosin fragments for this study as described in our prior work [19] by isolating cardiac myosin from the left ventricles of bovine hearts, digesting the isolated myosin with α-chymotrypsin ( Fig. 1B, Lane 2) and purifying the soluble, digested fragments by both size-exclusion and anion-exchange FPLC as described in the SI. Fractions containing two-headed heavy meromyosin (HMM) or the single-headed S1 fragment lacking the regulatory light-chain binding domain and the S2 coiled-coil domain were separated and dialyzed into assay buffers as indicated for each experiment (Fig. 1B , Lanes 3, 5) . We verified that the purified HMM and S1 were fully intact and did not contain contaminating cardiac actin by gel electrophoresis (Fig. 1B, Lane 4) .
We evaluated the functional activity of the purified myosin fragments by measuring actin-activated ATPase activity over a range of actin concentrations using the NADH-coupled ATPase assay [20] (Fig.  1C ). Single hyperbolic fits to the actin concentration-dependence of ATPase activity showed that the k cat for the S1 fragment is 3.6 ± 0.4 s -1 compared to 2.02 ± 0.12 s -1 for cardiac HMM from the identical preparation (p 0.0035, throughout this manuscript, measurement statistics and statistical significance are tabulated in Table S1 ). Thus, dimerization of the myosin heads reduces the maximum rate of ATPase cycling, indicating that the two heads of cardiac myosin, connected via the S2 coiled-coil domain, are able to interact and affect the kinetics of actin-activation ( Fig. 1A,C) .
We verified that the mavacamten preparation (synthesized by EAG Laboratories, verified by mass spectrometry and NMR spectroscopy, described in the SI) inhibits cardiac myosin as demonstrated in prior reports [3] (Fig. 1C,D) . Mavacamten potently inhibited the steady-state ATPase cycling of HMM, decreasing the k cat from 2.02 ± 0.12 s -1 to 0.48 ± 0.04 s -1 (p 0.001) and shifting the K m from 17.6 ± 2.8 µM to 35.3 ± 6.3 µM (p 0.05). At 20 µM actin, the EC 50 for mavacamten's ATPase inhibition was 0.23 ± 0.02 µM compared to the value for S1 of 0.47 ± 0.006 µM reported in the literature [4] (p 0.001). The maximum inhibition at saturating mavacamten and 20 µM actin was 0.12 ± 0.006 s -1 , a 10fold reduction compared to the activity at 20 µM actin in the absence of the compound.
We determined that both purified myosin fragments freely and equivalently bind to actin in the absence of ATP and dissociate from actin upon the addition of 2.0 mM ATP by equilibrating varying concentrations of HMM or S1 myosin with a fixed concentration of pyrene-labeled actin (Fig. 1E ). The fluorescence of pyrene-labeled actin is linearly proportional to the binding of individual myosin heads to actin [20] . The fluorescence decreased linearly with increasing [myosin heads]/[actin] equilibration stoichiometry ( Fig. 1E ), reaching a maximum at 1:1 stoichiometry with a 70% fluorescence quench, as expected [20] . The quench of pyrene fluorescence by HMM or S1 was identical indicating that both heads of the HMM freely bind actin similarly to free S1 heads. The binding is nearly entirely relieved to 0.89 ± 0.02 or 0.95 ± 0.01 respectively, with the addition of 2.0 mM magnesium ATP (MgATP), and the remaining strongly bound myosin heads are consistent with the expected 5-10% duty-ratio of cardiac myosin estimated in other studies [2] .
These experiments are critical for the design and interpretation of later studies in this manuscript and so we briefly note their conclusions. First, the ability of actin to activate cardiac HMM is reduced compared to S1, but this reduction does not reflect the inability of heads to attach to actin as indicated by stoichiometric pyrene-quenching. Thus, the reduced actin-activated ATPase activity (k cat ) seen in HMM suggests the specific kinetics of actin-activation are constrained by the S2 coiled-coil domain and the tethering of the two heads of the HMM. We further conclude that the mavacamten used in this study potently inhibits cardiac myosin, as expected from prior published work, and that the compound's EC 50 for inhibition is lower for HMM than for S1, indicating that the mavacamten binds more effectively to the two-headed HMM than to the single-headed S1 fragment. Importantly, the ATP release experiment shows that the S1 and HMM are functional as ATP incubation increases pyrene-actin fluorescence thus demonstrating both S1 and HMM freely dissociate from actin during ATP cycling and that the reduced actin-activation seen in the HMM does not simply reflect "dead" or non-functional myosin heads which do not detach from actin.
Mavacamten inhibits transient, actin-activated single ATP turnover more for two-headed cardiac HMM than for single-headed S1. We investigated the transient kinetics of actin-activated ATP turnover by cardiac myosin HMM and S1 using fluorescently-labeled ATP, mant-ATP (2'-or 3'-O-[N-methylanthraniloyl] adenosine 5'-triphosphate). We mixed the purified myosin fragments by stopped-flow with fluorescent mant-ATP, aged the sample for 2.0 seconds to allow for ATP binding and hydrolysis, and then mixed the resulting steady-state sample with increasing concentrations of actin in the presence of 2.0 mM MgATP. The fluorescence of mant-ATP is enhanced when bound by myosin, and the dissociation of mant-ADP after a single kinetic cycle results in a fluorescent decay ( Fig. 2A,D) . We performed experiments with replicates indicated in Fig. 2 and Table S1 .
The fluorescent transients were best fit by a bi-exponential time-dependent function consistent with previous published studies of actin-activated ATP turnover by cardiac myosin preparations, Fluorescence = A fast ·exp(-k fast ·t) + A slow ·exp(-k slow ·t) [21] . We evaluated the actin dependence of the two rate constants (k fast and k slow ) and the normalized amplitudes (A fast and A slow ) for each phase in the presence or absence of mavacamten (Fig. 2 ). The fast phase (closed circles) reflects the release of ATP from a primed, post-hydrolysis, myosin.ADP.P i state ready to undergo actin-activation, while the slow phase (open circles) reflects actin-dependent release from states which are activated more slowly [19, 21] . Importantly, the fast and slow phases are both faster than basal single ATP turnover in the absence of actin (Fig. 3 ), and as indicated by their increase with increasing actin concentration. The maximum observed rate constant for the fast phase of transient actin-activated ATP turnover was larger for S1 (5.97 ± 0.80 s -1 ) than for HMM (3.80 ± 0.33 s -1 , p < 0.05), consistent with the steady-state actinactivated ATPase measurements in Fig. 1 . Mavacamten inhibited the maximum observed rate constant for the fast phase of actin-activated ATP turnover to 0.80 ± 0.11 s -1 in S1 and 0.30 ± 0.01 s -1 in HMM. This 7-to 12-fold reduction is similar to the 10-fold inhibition of actin-activated steady-state ATPase cycling (Fig. 1D ). The maximum observed rate constant for the slow phase was reduced from 0.28 ± 0.04 s -1 to 0.089 ± 0.002 s -1 in S1 (a 3-fold inhibition), and from 0.55 ± 0.03 s -1 to 0.04 ± 0.01 in HMM (a 14-fold inhibition). Thus, in HMM the slow phase of ATP turnover is significantly more inhibited than in S1 (p 0.0001). In the absence of mavacamten, the amplitude of the slow phase of actinactivated single ATP turnover is larger in HMM than in S1 ( Fig. 2C ,F). At saturating actin concentrations, mavacamten decreased the amplitude of the fast phase in HMM (0.48 ± 0.04) but not in S1 (0.83 ± 0.01, p 0.0001, S1 compared to HMM, Fig. 2C ,F). The primary difference between S1 and HMM is the presence of the RLCs and S2 coiled-coil domain, and the dimerization of two myosin heads ( Fig. 1A ). This dimerization allows the two heads to directly and allosterically interact with each other. Head-head interactions play critical roles in regulating actin-activation in other myosin II family members [13] . The selective effect of mavacamten on the amplitudes in HMM but not S1 at saturating concentrations of actin indicates that mavacamten stabilizes a unique state in HMM, which occurs infrequently in S1 when the myosin heavy chain fragment lacks a regulatory light chain (RLC) and is not tethered to a second myosin by the S2 coiled-coil domain.
Mavacamten inhibits basal single ATP turnover and basal ADP release in two-headed cardiac HMM differently than in single-headed S1. We investigated the differences between S1 and HMM in the absence of actin by examining the effects of mavacamten on the kinetics of basal single ATP turnover and basal ADP release. We mixed 0.4 μM S1 or 0. Mavacamten's effect on ADP release was previously measured in S1 but not in HMM ( Fig. 3G ) [4] .
We analyzed the kinetics of nucleotide exchange in these experiments by fitting the data to a biexponential function. Basal ATP turnover by HMM was distinct from the ATP turnover kinetics measured in S1 ( Fig. 3A -C, black and red traces and bars) exhibiting two distinct kinetic phases. HMM's slow phase has an amplitude of 0.55 ± 0.04, significantly more than in S1, 0.17 ± 0.04 (Fig.  3C ). The rate constant for the fast and slow phase of basal single ATP turnover are very similar in HMM and S1 ( Fig. 3 D, E, I, J: compare black and red bars). The rate constants we observed for the fast and slow phases of basal single ATP turnover are 0.02-0.03 s -1 and 0.005-0.008 s -1 respectively (Table S1) , notably similar to the rate constants for bi-exponential mant-ATP turnover kinetics detected in permeablized myocardium where the auto-inhibited SRX state has been described [7] .
Mavacamten inhibited the rate constants for basal single ATP turnover in both HMM and S1 preparations to a similar degree ( Fig. 3D , E, I, J: blue and violet bars). However, as with the actinactivated single ATP turnover experiments in Fig. 2 , the amplitude of the slow phase of basal single ATP turnover is significantly increased by mavacamten in HMM, more than in S1 ( Fig. 3C : compare black and blue to red and violet) (p 0.0001). The kinetics of ADP release are very similar in HMM and S1 in the absence of mavacamten (Fig. 3F-J: compare black and red traces and bars). As with ATP turnover, ADP release is inhibited more in HMM ( Fig. 3F ,G: compare blue and violet traces). This increased inhibition reflects stabilization of a slow phase for ATP dissociation that is greatly enhanced from a mole fraction of 0.37 ± 0.02 to 0.62 ± 0.02 ( Fig. 3F ,H: compare black and blue traces and bars). The fast and slow rate constants for ADP release are similar in S1 and HMM ( Fig. 3I ,J: black and red bars). But unlike in HMM, mavacamten does not affect the amplitude of the slow phase in S1 ( Fig. 3H , red, violet). These results further support the hypothesis that the structural kinetics of HMM are distinct from S1, and mavacamten stabilizes the slow phase of nucleotide turnover. The approximately 20% amplitude of a slow phase in S1 in the absence of mavacamten may reflect a state that is stabilized by protein-protein interactions that occur in two-headed myosin when the heads are tethered, but thermodynamically is still present in a single head to a lesser extent.
The energetics of basal single ATP turnover in two-headed cardiac HMM are distinct from that of single-headed S1. We evaluated the biophysical determinants underlying the difference between S1 and HMM described in Fig. 3 by examining the temperature dependence of basal single ATP turnover in the absence of actin and in the absence of mavacamten. We performed these experiments identically to those in Fig. 3 over a range of temperatures (5.0 to 35 °C), analyzing the resulting basal single ATP turnover transients by fitting a bi-exponential function to the data. The results from these experiments are summarized in Fig. 4 . The kinetics of basal single ATP turnover were distinctly biexponential above 15 °C; we focused our analysis above this temperature ( Fig. 3B ,C,E,F). The rate constants for the fast phase of ATP turnover increased with increasing temperature in both HMM and S1 and the temperature dependence for the increase in k fast and k slow was nearly identical for the two proteins (Table S1 ). Fitting to the Erying equation provides transition state enthalpy (ΔH ) and a collection of terms associated with the transition state entropy (ΔS ), equation given in Table S1 . For both HMM and S1, the fast rate constant of basal single ATP turnover (k fast ) has a larger, endothermic Δ H than the slow rate constant (Table S1 ). In addition, for both HMM and S1, k fast has a positive, dissociative Δ S , while the k slow has a negative, associative Δ S . Fitting the temperature dependence to the Erying equation suggests that k fast and k slow (Fig. 4B , E) are distinct biophysical processes exhibiting unique transition state energetics and are rate-limited by unique biochemical or biophysical transitions. The temperature dependence for the amplitudes of basal single ATP turnover ( Fig. 4C ,F) were also distinct between S1 and HMM samples. In S1, increasing temperature from 20 to 35 °C dramatically decreased the amplitude of k slow from 0.45 ± 0.07 to 0.07 ± 0.03 ( Fig. 4F ) while in HMM the amplitude only decreased from 0.57 ± 0.01 to 0.51 ± 0.02 ( Fig. 4C ). Thus, near physiologic temperatures (35 °C) the slow phase of basal single ATP turnover is significantly more abundant in HMM than in S1 (p 0.0001). Temperature stability is consistent with the biochemically sequestered SRX state observed in permeablized muscle fibers [6] , and the ordered state of the myosin thick-filament observed by fluorescence polarization [22] , and X-ray diffraction [23] [24] [25] .
Increasing ionic strength activates two-headed cardiac HMM but not S1. Previous studies showed an isolated S2 coiled-coil domain fragment of human cardiac myosin interacts at low-ionic strength with an isolated S1 fragment and with a two-headed HMM truncated at the second heptad of the S2 coiled-coil domain; and an EM study showed the IHM is disrupted in myosin II homologues by increasing ionic strength [13, 18] . We therefore examined the ionic strength dependence of basal single ATP turnover in S1 and HMM at 25 °C increasing the concentration of potassium chloride (KCl) from 0 mM to 100 mM. The results from these experiments are depicted in Fig. 5 . Increasing ionic strength accelerated basal ATP turnover by HMM ( Fig. 5A -C) but had little effect on S1 ( Fig. 5E-G) . We fit biexponential functions to the resulting transients. The k fast and k slow rate constants for basal ATP turnover by HMM did not change with increasing ionic strength ( Fig. 5B ), similar to S1 (Fig. 5F ). Furthermore, in S1, the amplitudes of the fast and slow phases also did not change with increasing KCl (Fig. 5G ). Conversely, in HMM, increasing ionic strength caused a significant increase in the amplitude of the fast phase and a corresponding decrease in the amplitude of the slow phase of basal single ATP turnover. At 100 mM KCl, these amplitudes were similar to S1 (Fig. 5C,G) . These data suggest that the transition between fast-and slow-ATP turnover kinetics states exchange in solution, and that the energetics of this exchange are dependent on charge-charge interactions that are disrupted with increasing ionic strength.
We also examined the ionic strength dependence of HMM's auto-inhibited state in the presence of mavacamten by performing basal single ATP turnover under 100 mM KCl or no KCl conditions ( Fig.  5D ). Increasing ionic strength to 100 mM KCl partially relieved mavacamten's inhibition on ATP turnover in HMM but not in S1, indicating that the mavacamten-stabilized state in HMM is specifically ionic strength dependent ( Fig. 5H ). Notably, however, at 100 mM KCl and saturating mavacamten, ATP-turnover by HMM is still slower and distinctly bi-exponential than the turnover by S1 ( Fig. 5H : compare dashed cyan to violet).
Actin disrupts the auto-inhibited state of two-headed cardiac HMM. Results in Fig. 3, Fig. 4 , and Fig. 5 show that ~50% of the myosin ATPase sites in HMM turnover ATP much slower than S1, and that this population is stable with increasing temperature and disrupted at physiological ionic strengths. Furthermore, we observed in Fig. 1 and Fig. 2 that the steady-state and transient kinetics of actin-activated ATP turnover in the presence of mavacamten are faster than the kinetics in the absence of actin, depicted in Fig. 3 . Taken together, these results show that actin interaction relieves the autoinhibition present in HMM, even when mavacamten is bound. Furthermore, if mavacamten stabilizes a folded, IHM-like structural state in cardiac myosin, then the structural dynamics of the two light-chain binding domains of the HMM dimer should be altered by the compound. We therefore used transient time-resolved FRET, (TR) 2 FRET, to measure these dynamics directly in response to actin activation.
We performed these experiments using a similar strategy as described in our prior work [19] . We labeled the cardiac myosin regulatory light-chain (RLC) with the AlexaFluor-488 fluorescent probe on a single engineered cysteine residue, replacing the native valine at position 105 in the bovine cardiac RLC sequence. We then exchanged the labeled RLC onto purified cardiac HMM to obtain donor-labeled HMM. Expression and purification of the RLC, labeling, and light-chain exchange were performed identically to our prior study and are described in detail in that paper and outlined in the SI [19] . We confirmed that neither the exchange nor the attachment of the fluorescent labels perturb the autoinhibited state by measuring basal single ATP turnover (Fig. S2 ).
We measured actin-initiated changes in light-chain domain (lever arm) orientation by equilibrating the donor labeled HMM with 20-molar excess Cy3-ATP. The Cy3-ATP binds and is hydrolyzed by the myosin. When bound, the Cy3 fluorescent probe is a FRET acceptor to the Alexa488 probe and thus we obtained FRET-labeled cardiac HMM. FRET between the labeled RLC and the Cy3-ATP reports on the orientation of the myosin light-chain binding domain [19] (Fig. 1A, bound by the ELC and RLC). While binding of the Cy3-ATP stabilizes a pre-powerstroke structural state of the light-chain binding domain, actin stabilizes the post-powerstroke state during the phosphate release phase and prior to the dissociation of the hydrolyzed Cy3-ADP. Cy3-ATP stabilization of the pre-powerstroke state is reflected in a decrease in the time-resolved fluorescence lifetime of the AlexaFluor-488 donor probe and the powerstroke is reflected in the actin-initiated increase in the time-resolved fluorescence (Fig. S3 ) [19] .
We mixed the Cy3-ATP/Alexa488-HMM complex with increasing concentrations of actin containing excess 2 mM MgATP by stopped-flow ( Fig. 6A) and acquired time-resolved fluorescence waveforms every 1.0 millisecond during the resulting actin-induced single ATP turnover transient (Fig.  6B) . We analyzed the resulting changes in the time-resolved fluorescence decay using a two-distance, structure-based model identical to our prior study [19] . From this we obtain the structural kinetics of the lever-arm rotation in response to actin-activation ( Fig. 6C, Table S1 ).
In the absence of mavacamten, actin drives lever-arm rotation and the resulting mole-fraction transients for each structural state (pre-powerstroke short distance or post-powerstroke long distance) obtained from fitting the two-state model are best fit to bi-exponential functions ( Fig. S3; Fig. 6C-E) . The fast phase reflects lever-arm rotation of myosin heads that are primed for activation ( Fig. 6C ) while the slow phase reflects the equilibration of other HMM species, less readily activated by actin (Fig. 6E) .
The maximum observed rate constant for the fast phase of actin-activated lever-arm rotation is 11.5 ± 0.8 s -1 , and the maximum observed rate constant for the slow phase of actin-activated lever-arm rotation is 1.3 ± 0.2 s -1 . These rate constants are significantly faster than the fast and slow rate constants for single ATP turnover in the presence of actin (Fig. 2) indicating that actin binding by the two populations of myosin is followed by FRET-detected lever-arm rotation, followed by nucleotide release. Saturating mavacamten significantly reduced these rate constants to 4.9 ± 0.2 s -1 (p < 0.0001) and 0.43 ±0.08 s -1 (p < 0.001).
We compared the effect of mavacamten on the observed rate constants for actin-activated lever-arm rotation (Fig. 6 ) to the rate constants for basal single ATP turnover ( Fig. 3) . At saturating mavacamten and actin, the fast phase of the powerstroke is 23 ± 3% of the total structural transient and is 16-fold faster than the fast phase of basal ATP turnover in the presence of mavacamten ( Fig. 6C, D; Fig. 3E ). The slow phase of the powerstroke is 77 ± 3% of the transient and is 12-fold faster than the slow phase of basal ATP turnover in the presence of mavacamten ( Fig. 6E; Fig. 3D ). Because both rate constants for the structural change induced by actin are faster than basal ATP turnover, we conclude that actin is able to bind the mavacamten-inhibited HMM, triggering lever-arm rotation in the fast and slow basal turnover populations. Thus, actin interaction triggers the disruption of the auto-inhibited state of cardiac HMM that mavacamten otherwise stabilizes (Fig. 3) .
Several steps of myosin ATPase cycle are not affected by mavacamten. Additional transient stopped-flow kinetics experiments utilizing (TR) 2 FRET showed that the ATP-induced recovery stroke is not substantially altered by mavacamten ( Fig. S4) , nor is ATP-binding to myosin or actomyosin, ADP release from actomyosin, myosin dissociation from actomyosin, or the apparent equilibrium constant for ATP hydrolysis measured by acid-quench ( Fig. S5 , Table S1 ). Mavacamten's effects on other steps in myosin's ATPase cycle, such as phosphate release and actin association in the ADP state, have been reported previously [4] .
Discussion
Regulation of the cardiac myosin thick filament-independent of the actomyosin interaction-is hypothesized to be a critical determinant of contraction and contribute to the Frank-Starling relationship, a fundamental regulator of cardiac performance [26] , and to cardiac dysfunction in inherited cardiomyopathies [18, 27] . The structural state of cardiac thick-filaments is hypothesized to be controlled by an evolutionarily-conserved mechanism where the heads of each myosin dimer fold back and interact with their S2 coiled-coil domain and with the thick-filament backbone [13] . This structural state, with myosin heads arranged on the thick filament, has been observed in relaxed muscle with X-ray diffraction [23] and with fluorescence polarization in a specific, head-head conformation termed the interacting heads motif (IHM) [22, 28] . The IHM has been directly observed by electron microscopy studies in isolated filaments [29, 30] , and in individual myosin molecules across a variety of myosin II family members [13] , including dephosphorylated smooth muscle myosin, and blebbistatin-bound and glutaraldehyde cross-linked skeletal and cardiac myosin [11] .
Biochemical studies of permeabilized cardiac and skeletal muscle revealed a population of myosin ATPase sites with dramatically inhibited ATP turnover kinetics compared to isolated myosin S1 analyzed in vitro [6, 7, 31] . This population is termed the super-relaxed state (SRX). The SRX biochemical state, defined by very slow single ATP turnover kinetics in the absence of load, is hypothesized to result from the formation of the IHM structural state observed by EM [32] . Neither the SRX nor the IHM have been previously observed in purified cardiac or skeletal myosin in solution without cross-linking or small molecule-based stabilization, and thus the biochemical and structural determinants that are responsible for them have been difficult to study. Our results show that an SRX-like state forms in solution at low ionic strength in the presence of ATP, and that this state controls the kinetics of ATP turnover and actin-activation in two-headed cardiac myosin HMM, summarized in Fig.  S1 .
Our conclusions are based on measured differences between the biochemical kinetics of singleheaded cardiac myosin S1 and two-headed HMM. The steady-state ATPase experiments in Fig. 1 and the transient, actin-activated single ATP turnover studies in Fig. 2 demonstrate that key biochemical differences exist between cardiac S1 and HMM. These differences are indicative of head-head mediated auto-inhibition seen in highly regulated two-headed smooth muscle myosins [33, 34] . These differences also show that mavacamten inhibits both S1 and HMM, but that the compound's effects on the twoheaded HMM protein are distinct and more potent than its effects on S1. Specifically, in HMM, mavacamten stabilizes the slow phase of ATP turnover in the presence (Fig. 2C ) and absence of actin (Fig. 3A) . It also slows actin-independent ADP release to a greater extent in HMM, indicating that interactions between the two-heads are able to limit ADP dissociation kinetics and that mavacamten stabilizes these interactions ( Fig. 3F-H) . Furthermore, the compound's stronger inhibition of HMM compared to S1, indicated by its EC 50 for steady-state ATPase cycling and actin-activated single ATP turnover (Table S1), shows that the unique structure of the two-headed fragment is preferentially stabilized by the compound.
The temperature and ionic strength dependence studies in Fig. 4 and Fig. 5 support the conclusion that the rate limiting kinetics for ATP turnover in the absence of actin are distinct in HMM compared to S1. The disruption by increasing ionic strength and stability at higher temperatures are consistent with HMM's two heads interacting in the IHM. These contacts involve putative ionic interactions [18] as well as potential hydrophobic interactions-consistent with stabilization at higher temperature-which have not previously been investigated. Importantly, mavacamten also stabilizes the auto-inhibited state of two-headed HMM in the presence of physiological ionic strengths (Fig. 5D,H) .
We directly measured actin-activated structural kinetics in fluorescently-labeled cardiac HMM, detecting movement of the lever arm domain by transient time-resolved FRET (Fig. 6, Fig. S3 ). The slow phase of actin-activated lever arm rotation detected in this experiment is significantly faster than mavacamten-saturated HMM's basal ATP turnover kinetics (Fig. 3A, C-E) . This result indicates that at least one head of the auto-inhibited HMM is still able to interact with actin. It also indicates that actin interaction with the auto-inhibited HMM accelerates the structural disruption of the inhibited state. This provides an explanation for why the IHM has been difficult to observe in cardiac and skeletal myosin by EM-interactions with the UV-treated carbon surface or charged mica surface could disrupt it in the absence of cross-linking [13] or stabilizing small-molecules [11] .
Based on our results, we propose a mechanism for actin-activation of two-headed myosin in the presence and absence of mavacamten (Fig. 7) . In this mechanism auto-inhibited myosin heads transition from a folded IHM state that is docked on the thick-filament backbone (state 1) to an IHM state with S2 extended off the filament backbone (state 2). The IHM heads then "open" (state 3) and become available for actin-activation (state 4). Myosin in the IHM can thus be activated by following the pathway (1) (Fig. 7) . Alternatively, actin interaction accelerates IHM head opening if one of the heads-we hypothesize the free IHM head [13] (Fig. 1A) -weakly interacts with available myosin binding sites on the actin thin-filament (state 5 in Fig. 7) . Thus, activation can also proceed via the pathway (1) 4) . This second, actin-activated pathway is supported by our biochemical and structural kinetics data and also depicted in the myosin ATPase cycle in Fig. S1 . The "SRX -Heads up" state (2) is likely present in muscle fibers because we have observed it in tissue-purified HMM, and it is stable at physiological temperatures (Fig. 4) . This state is weakened at physiological ionic strengths ( Fig. 5) , indicating that additional protein-protein interactions are likely required for its full stabilization in the cardiac sarcomere. Similar arguments were made in a previous paper based on head-to-S2 binding experiments performed by microscale thermophoresis [18] . We find that mavacamten shifts the apparent equilibrium towards state (2) in the presence of ATP as well as ADP (Fig. 3A,E) . Mavacamten inhibits the kinetics of the IHM opening transition given that it significantly decreases the rate constant for the slow phase of HMM basal single ATP turnover more than the slow phase of S1 (Fig. 3I) 
Under concentrations of mavacamten sufficient to fully inhibit ATPase cycling, we propose that HMM still follows the pathway through states (1) ↔ (2) ↔ (5) ↔ (4), because even though mavacamten stabilizes the auto-inhibited state, actin is still able to accelerate ATP turnover. This conclusion is based on the observation that the slowest phases of lever-arm rotation detected by (TR) 2 FRET (0.43 s -1 ), and actin-activated single ATP turnover (0.04 s -1 ), are both substantially faster than the fast phase (p < 0.0001, p < 0.0002) or slow phase (p < 0.0001, p < 0.0001) of mavacamten inhibited basal single ATP turnover by cardiac HMM.
Conclusion
We have detected a biochemically auto-inhibited state in tissue-purified cardiac HMM. The kinetics and energetics of this state are consistent with the SRX observed in permeablized myocardium and thus we believe we have observed the SRX state in a striated muscle myosin in solution for the first time. Importantly, mavacamten stabilizes this auto-inhibited state, revealing a new mechanism for a drug's inhibition of two-headed cardiac myosin. Actin interaction is able to disrupt the auto-inhibited state and accelerate the rate-limiting structural transition of head-head splaying that limits ATP turnover in HMM, unlike in S1. Thus, we hypothesize that weak interaction with actin disrupts the SRX-like, auto-inhibited state of cardiac myosin in the myocardium as well. We also propose that because weak-actin interactions disrupt the auto-inhibited state in solution, factors which control extension of the IHM state off the filament backbone (states (1) ↔ (2), Fig. 7 ) will be important in contracting cardiac muscle. Mechanisms likely regulating this transition include RLC phosphorylation [35] , myosin-binding protein-C [31] , thick-filament mechano-sensing [36] , and small molecules [37] .
Methods

Steady-state ATPase activity:
The actin-activated MgATPase activity of purified cardiac myosin HMM or S1 was measured using an NADH-coupled assay [20] performed at 25 ºC in 10 mM Tris pH 7.5, 2 mM MgCl 2 with 1.0 mM DTT. The reaction mix contained 0.2 μM HMM or 0.4 μM S1, varied [actin], and 0.2 mM NADH, 0.5 mM PEP, 2.1 mM ATP, 10 U/mL LDH, 40 U/mL PK, HMM (200 nM). We acquired absorbance at 340 nm every 10 seconds for 120 seconds total using a Beckman-Coulter DU640B spectrophotometer.
Transient kinetics: Transient biochemical experiments with steady-state fluorescence detection (total fluorescence intensity) were performed on an Applied Photophysics stopped-flow spectrophotometer capable of single-mix and sequential-mix experiments with water bath temperature control. All experiments performed at 25 °C unless otherwise stated. The single-mix dead time for this instrument is 1.3 ms. All buffers were filtered and then degassed for 30 minutes under high-vacuum prior to use.
Single ATP turnover experiments with mant-ATP were performed with both sequential and single stopped flow mixes. Samples were excited at 280 nm with a Xe lamp and monochromator, and detected through a 400 nm long-pass filter.
Statistics and error analysis: Individual, representative traces shown throughout the manuscript depict the average of 6-10 shots of the stopped-flow. All experiments were performed in replicates of n = 4 to 9, and as biochemically independent experiments. Three separate preparations of cardiac HMM from separate bovine myocardia obtained unfrozen from Pel-Freez Biologicals contributed to the experiments throughout this manuscript; error bars represent ± SEM. The student's t-test was used to determine statistical significance of measured parameters, tabulated in Table S1 .
A complete discussion of all methods, including the extraction, digestion, purification and expression of the proteins utilized in this study, the steady-state and transient kinetics methodologies, and (TR) 2 FRET data acquisition and analysis are included in the SI. HMM data is shown in the left column of plots; S1 data is shown in the right column of plots. (D) 0.2 µM S1 (DMSO in red, 30 µM mavacamten in violet), mixed with 2.0 μM mant-ATP and 10 μM actin and 2.0 mM MgATP by sequential stopped flow. (E-F) Two exponential fits showing rates and amplitudes, with varied [actin]. Replicates of n=6 ± SEM, Table S1 . Table S1 . In the presence of mavacamten, HMM is sensitive to increasing ionic strength (blue to dark cyan). (F-G) The rates and amplitudes of S1's basal mant-ATP turnover are relatively constant. Linear fits to show trends. (H) S1 in the presence of mavacamten is insensitive to changes in [KCl] (violet to grey), consistent with S1 in the absence of mavacamten (E). Replicates of n = 4 for each [KCl], ± SEM. Fits reported in Table S1 . 
Figure Legends
